In this present article, we studied the transmission, refraction and focusing properties of one, two and three dimensional labyrinth based left-handed metamaterials. We demonstrated that the proper periodic arrangement of labyrinth structures and wires results in left-handed transmission. By using a two dimensional labyrinth based left-handed slab, it is shown that it is possible to image the field emitted from source in sub-wavelength detail. Moreover, we demonstrated the focusing and negative refraction of electromagnetic waves by a three dimensional labyrinth based left-handed slab.
Introduction
The electromagnetic properties of materials are described by the use of two parameters: permittivity and permeability. The permittivities of known naturally occurring materials can attain positive and negative values. On the other hand, the permeabilities of known naturally occurring materials are known to be positive. However, there is no fundamental reason implied by the laws of electromagnetism that may restrict the values of permittivities and permeabilities to positive values [1] . As a matter of fact, it has been shown that when a medium attains negative permittivity and permeability, simultaneously, it may exhibit certain very exciting properties such as negative refraction [2] [3] [4] , left-handed transmission, reverse Doppler shift [1, 5] , and subwavelength focusing [6] [7] [8] [9] . While nature does not provide us with a material with simultaneous negative permittivity and permeability, this obstacle has been overcome by the use of metamaterials. By use of the metamaterials, which are artificially created structures, we may now engineer the properties of a medium so that the medium exhibits the desired permittivities and permeabilities.
In this present study, we investigated the transmission, refraction, and focusing properties of one, two, and three dimensional labyrinth based metamaterial mediums. In the next first two sections, we will summarize our results on the one and two dimensional labyrinth based left-handed metamaterials, in which we first showed that the labyrinth based metamaterial medium exhibits a left-handed transmission band over a certain frequency range [10] . Moreover, we showed that the magnetic resonance of the labyrinth structure cannot be excited by electric coupling. In Section 3, we investigated the focusing properties of a two dimensional medium [8] . Our results demonstrate that it is possible to focus the source image to subwavelength dimensions by use of a flat labyrinth based left-handed slab. In Section 4, we presented our recent results regarding the three dimensional case.
Transmission properties of one dimensional medium
Split ring resonator (SRR) is a commonly used structure in order to obtain negative permeability [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . While SRR structure provides negative permeability and can be used to obtain negative refraction, it has several disadvantages. One of these disadvantages is the bianisotropy. Several authors have shown that a medium consisting of a periodic arrangement of SRRs is bianisotropic [23] [24] [25] . The bianisotropy is the result of the non-zero electric dipole moment of the SRR structure due to the asymmetric placement of slits on the rings. Second, it has been shown that the magnetic resonance of the SRR structure can be excited via electric fields [26] . The excitation of the magnetic resonance of the SRR structure results from the capacitive coupling of the electric field. The capacitive coupling of the electric field creates non-zero current along the rings. These two disadvantages make it difficult to obtain isotropic, homogeneous two or three dimensional negative refraction media by using SRRs for negative permeability. We should note that these two disadvantages are directly related to one another.
We proposed the labyrinth structure in order to overcome these specific disadvantages of the SRR structure. The labyrinth structure consists of four rings instead of two. The two additional rings are used for two main purposes of which the first is to enhance the strength of the resonance. Second, the two-ring structure has two magnetic resonances that are close to each other. We used the additional two rings in order to separate the two magnetic resonances further away in frequency from each other. The unit cell of the fabricated structure is shown in Fig. 1 . The structures are fabricated by using the standard printed circuit board manufacturing methods.
The transmission properties of a single labyrinth structure were characterized by using a HP 8510C vector network analyzer and two monopole antennas as the receiver and transmitter antennas. The measured and calculated transmission spectrum of plane EM waves through a single layer of a labyrinth structure is shown in Fig. 2(a) . We used CST Microwave Studio in our calculations. The directions of the electric field, magnetic field, and wave vector of the incident EM waves are shown in the insets of Fig. 2(a) and (b) . First of all, the transmission spectrum of a single labyrinth structure exhibits a resonance around 6.2 GHz with a transmission of -25 dB (Fig. 2(a) ). Second, the closed labyrinth structure does not exhibit this resonance in the transmission spectrum. As a result, the transmission spectrum shown in Fig. 2(a) clearly demonstrates that the labyrinth structure exhibits a magnetic resonance around 6.2 GHz. Note that for the case of incidence configuration shown in Fig. 2 (b) the magnetic resonance of the SRR structure can be excited by electric fields. The measurement and calculation results for a single labyrinth structure are shown in Fig. 2(b) for the incidence configuration when the magnetic resonance of an SRR structure can be excited by electric coupling. The transmission spectrum does not exhibit any resonant feature for this incidence configuration. Hence, these results show that the magnetic resonance of the labyrinth structure cannot be excited by electric coupling. 
Original Paper
We calculated the effective permittivities and permeabilities of the labyrinth based medium by use of a retrieval procedure [27, 28] . The labyrinth medium consists of a periodic arrangement of single labyrinth structures. There was one layer of labyrinth structure along the direction of the propagation in our calculations. The orientation of the labyrinth structures was as shown Fig. 2(a) . We employed periodic boundary conditions along directions other than the propagation direction. The dielectric constant of the PCB board was taken as 3.85. The PCB board had a thickness of 1.56 mm. The effective permittivities and permeabilities were derived from the transmission and reflection coefficients. The retrieval results for a single labyrinth structure are plotted in Fig. 3(a)-(c) . First of all, the real part of the effective permeability attained negative values above a certain frequency. The real and imaginary parts of the permeability fit quite well to the relation
. We used the following fitting parameters for the real and imaginary parts of the effective permeability: f = 0.1806 and τ = 0.0526. It is also interesting to observe that the imaginary part of the permeability attains quite high values in the close vicinity of the resonance frequency. This result indicates that the labyrinth structure shows a quite strong resonant behavior at the resonance frequency. The results for the permittivity are shown in Fig. 3(c) . Notice that the permittivity is significantly increased just above the resonance frequency when compared to the effective permittivity of the host medium. The effective permittivity of the host medium was around 1.7 for our structure. This value was calculated by use of the relation eff i e
(1 ) f f ε ε ε = + -. At 5.55 GHz, the permittivity of the labyrinth structure attained a value, 5.92, which is 3.5 times larger than the effective permittivity of the host medium. Hence, one should consider the dielectric response of the labyrinth structure around the resonance frequency when designing LHM mediums. For comparison, we also plotted the retrieval results for the closed labyrinth medium in Fig. 3(d) . The effective permeability of the closed labyrinth structure is less than one, but still positive in the frequency range that we considered. This result coincides well with the expectations, as the closed structure should be diamagnetic. The left-handed composite metamaterial (CMM) structure that we used in our study was composed of a one-dimensional periodic arrangement of labyrinth structures and wire structures. The wires were printed on the back surface of the PCBs, and labyrinth structures were fabricated on the front surface of the PCBs. The transmission spectrum of the wire only medium is shown in Fig. 4(a) . The wire medium has a plasma frequency of approximately 10.45 GHz. For the CMM structure, the wires and labyrinth structures were aligned such that the axes of the wires were parallel to the splits on the labyrinth structure. There were 20 layers of CMM unit cells along the z-axis and 25 layers of CMM unit cells along the x-axis. The transmission spectrum for 5 and 10 layers of CMM unit cells along the propagation direction is shown in Fig. 4(b) . Figure 4(b) shows that the transmission spectrum of the CMM medium exhibits a transmission band between 5.9 GHz and 6.55 GHz. Note that the magnetic resonance of the single labyrinth structure was observed at 6.2 GHz. We measured the transmission spectrum of the closed CMM medium in order to check whether the transmission band observed between 5.9 GHz and 6.55 GHz is left-handed [29, 30] . The closed CMM medium consists of a periodic arrangement of closed labyrinth structures and wires strips. The lattice parameters were kept the same as the CMM medium. The transmission spectrum of the closed CMM medium is shown in Fig. 4(c) . First of all, the transmission spectrum of the closed CMM medium did not exhibit a transmission band between 5.9 GHz and 6.55 GHz. These results, therefore, show that the transmission band of the CMM medium is left-handed.
3 Sub-wavelength focusing of electromagnetic waves by a two dimensional labyrinth based left-handed slab
The two dimensional structure that we considered in this study consists of a periodic arrangement of wires and labyrinth structures in a two dimensional square lattice. The lattice constant was 8 mm along both of the lattice vectors of the square lattice. The unit cell of the two dimensional structure is shown in Fig. 5(a) . The wire strips were printed on the back of the standard FR4 substrates and the labyrinths were printed on the front faces. The width of the wire stripes was 2.5 mm. There were 68 layers along the x direction and 5 layers along the y direction. The width of the structure was around one wavelength. The height of the structure was 20 layers long. The transmission spectrum of the structure is shown in Fig. 5(b) . There is a left-handed transmission band between 6 GHz and 6.4 GHz. Pendry predicted that a slab of ε = -1, µ = -1 may recover the evanescent components of the field emitted from a source [6] . In addition, due to negative refraction, such a medium focuses the propagating components of the source field. As a result, it may be possible to focus all of the Fourier components of the field emitted from a source. Pendry coined the term superlens for structures that have these proper- ties. We checked the possibility of sub-wavelength focusing by use of the two dimensional labyrinth based left-handed medium.
We used monopole antennas as the source and receiver in our focusing studies. We placed the source antenna in front of the surface of the labyrinth based metamaterial. The axis of the source and receiver antennas were arranged parallel to the z-axis. We measured the electric field intensities over an area of 200 × 100 mm 2 on the output side of the left-handed metamaterial in steps of 2.5 mm. The details of the experimental setup can be found elsewhere [7] . The measurements were carried out for two different source distances to the input surface, 10 mm and 20 mm. The measurement results for source distances of 20 mm and 10 mm are shown in Fig. 6(a) and (b) for 6.3 GHz, respectively. The images of the source fields are clearly observed in Fig. 6(a) and (b) . The maximum field intensity along the y-axes was observed at 10 mm when the source was 20 mm away from the input surface, in which it was 17.5 mm when the source was 10 mm away. The half widths of the intensity profiles along the y-axis for both cases were 19 mm. On the other hand, the half width of the intensity profile on the output side of the metamaterial along the x-axes was 12 mm, ≈λ/4, when the source distance was 10 mm. The measured half width of the intensity profile in free space, without the metamaterial in between, was 40 mm, ≈λ. Without the metamaterial, even at such a close distance, the source field could not be resolved with a resolution below the wavelength. However, it was possible to the resolve the source field with a resolution below the wavelength when the metamaterial was inserted in between the source and receiver antennas. process in order to avoid intersecting wires. Such an intersection would evidently yield to a cut-wire medium. If not avoided, the cut-wire medium would cause us to loose the plasma-like behavior of a continuous wire medium. The results of the transmission measurements for TE and TM polarized electromagnetic waves, shown in Fig. 7(b) , show the evidence of a left-handed transmission band between 5.7-6.35 GHz. TE and TM is used to denote two perpendicular polarizations each of which is parallel to different wire orientations in the labyrinth-based metamaterial. The transmission of TE waves is weak when compared to TM polarized waves. This difference in the transmission properties of TE-TM polarized waves indicates the presence of strong anisotropy. Such anisotropy is expected as the unit cell of the structure lacks the electrical symmetries in certain directions. Nonetheless, there is a left-handed transmission band for both TE and TM polarized waves that overlap in the frequency range.
In order to study the refraction properties of the 3D structure at the frequencies corresponding to the left-handed transmission band, we used electromagnetic waves incident on the structure at various angles. The setup that we used consists of transmitting horn antennas and receiving monopole antennas. The horn antenna was tilted such that the angles of incidence with respect to the normal vector of the structure were 15 and 30 degrees. The transmitted waves on the other side of the surface were measured by using the monopole antennas over a rectangular mesh. The details of the experimental setup can be found elsewhere [7] . The results of our measurements are shown in Fig. 8 (a) and (b) for incidence angles of 15 and 30 degrees, respectively. The output surface was parallel to the x-axis. In addition, the waves were incident on the negative side with respect to the surface normal. Electromagnetic waves leave the output surface from the side of the surface normal that they were incident on. Hence, electromagnetic waves are negatively refracted by the 3D labyrinth based metamaterial. The index of refraction can be calculated by using the Snell's law and it is found to be around -1.02 at 6.2 GHz.
Since our 3D structure exhibited negative refraction, we next checked the focusing properties of the structure. We placed a monopole antenna in front of the input surface of the structure and measured the transmitted signal on the output side over a rectangular mesh by using a receiving monopole antenna. The results are shown in Fig. 9 (a) and (b) for source distances of 15 mm and 5 mm to the input surface, respectively. First of all, one can clearly observe the images of the source field at the output side. In addition, the image of the source appears at a closer distance to the output surface for the source distance of 15 mm when compared to the source distance of 5 mm. This result is expected for a metamaterial medium with simultaneously negative permittivity and permeability [6] . The half-width of the image is 24.5, λ/2, mm at 6.1 GHz.
In conclusion, we studied the properties of one, two, and three dimensional labyrinth based lefthanded metamaterials. Our studies revealed that the labyrinth based medium overcomes the bianisotropy issue inherent to the split ring resonator based mediums. We were able to achieve sub-wavelength focusing by use of a two dimensional labyrinth based left-handed medium. Moreover, negative refraction of electromagnetic waves was demonstrated by the use of a 3D labyrinth based structure. In addition, we demonstrated the focusing of electromagnetic waves by use of a three dimensional flat lens. To our knowledge, this is the first experimental demonstration of a three dimensional left-handed medium that is based on resonant structures.
